Introduction
Base excision repair (BER) is a major DNA repair pathway for repair of base damage including 8-oxoguanine and thymine glycols caused by oxidation.
The prototype DNA-damaging agent to induce BER is methyl methanesulfonate (MMS) which produces N7-methylguanine base damage. Six core proteins are required for BER in vitro. The core components required for BER include DNA polymerase b, apurinic/apyrimidinic endonuclease 1/redox factor 1 (APE1/ Ref1) and DNA ligase I (Srivastava et al., 1998) . Additionally, a deoxyribonucleotide phosphate lyase is a rate-limiting component. The concept that DNA repair levels in mammalian cells are regulated has major implications for cancer prevention (Eller et al., 1997) and therapy (Fan and Bertino, 1999) .
Several groups including ours have shown that the p53 tumor suppressor protein regulates BER (Offer et al., 2001; Zhou et al., 2001; Seo et al., 2002a; Seo and Jung, 2004) . In particular, p53-null cells exhibited defective BER, which was attributed to direct interaction of p53 protein with the DNA polymerase b enzyme required for BER (Zhou et al., 2001) . Importantly, p53 protein also interacts directly with the APE1/Ref1 which along with DNA polymerase b is also a core constituent of BER (Zhou et al., 2001) . The relationship of p53 to APE1/Ref1 is however more complex, inasmuch as the bifunctional protein APE1/Ref1 is additionally a regulator of cellular redox and acts as a cofactor for transcription factors including p53 (Gaiddon et al., 1999) . Hence, the interaction of p53 protein with APE1/ Ref1 can have two potential outcomes: (1) stimulation of BER directly and (2) enhanced expression of p53-regulated genes. Regarding regulation of BER, p53 may participate directly as proposed (Zhou et al., 2001; Seo et al., 2002b) or p53-regulated genes may be involved. Inasmuch as no known BER genes appear to be p53-regulated, the former hypothesis was preferred. On the other hand, one cannot exclude that a subset of known p53-regulated genes might contribute to BER. The two views are not mutually exclusive.
Well-known p53-regulated genes include Gadd45 (or Gadd45a, growth arrest and DNA damage inducible gene) and p21 (Waf1/Cip1, a cyclin-dependent kinase inhibitor). Gadd45a was shown to play a role in binding to UV-damaged chromatin, and it also affects accessibility to the sites of DNA damage (Smith et al., 2000) . Additionally, Gadd45a is one member of a three-protein family of small acidic proteins that bind to several other proteins, including proliferating cell nuclear antigen (PCNA) (Smith et al., 1994) , p21 (Waf1/Cip1) (Kearsey et al., 1995) , Cdc2 (Zhan et al., 1999) , core histones and MAP kinase kinase (MTK1) (Hildesheim and Fornace, 2002) .
The earlier study by Smith et al. (1994) showed that Gadd45a interacts with PCNA and participates in nucleotide excision DNA repair (NER) although this needs to be further studied. A very recent study has suggested that PCNA interacts with a key component of the BER pathway, APE1/Ref1 in the nucleus (Xia et al., 2005) , implying that Gadd45a could potentially affect BER via PCNA and APE1/Ref1 interaction.
In the present study, we utilized primary, low-passage MEF (mouse embryo fibroblasts) lacking gadd45a genes as well as human RKO colon cancer cells containing antisense gadd45a (RKO-AS45). The cells were characterized in other studies (Smith et al., 1994 (Smith et al., , 2000 . We used the pure base-damaging agent MMS, to determine specifically the contribution, if any, of Gadd45a to BER. Gadd45a was found to contribute significantly to BER. The subcellular localization of APE1/Ref1 and PCNA was affected in gadd45aÀ/À cells, suggesting a potential feedback loop whereby Gadd45a regulates APE1/Ref1 and PCNA localization during BER. These data are discussed in the context of other timely reports in the literature.
Results

Defective DNA repair in cells lacking gadd45a
We focused on Gadd45a as a possible contributor to BER via the p53 pathway. MEF of gadd45a þ / þ and gadd45aÀ/À genotypes, as well as RKO (and RKO-AS45 antisense gadd45a) human colon cell lines, were treated with MMS, then allowed 2-6 h to mount a DNA repair response, as in our previous study on p53 (Seo et al., 2002a) . Single-cell gel alkaline electrophoresis assays showed a DNA repair defect in gadd45a-null cells ( Figure 1a ) as well as RKO-AS45 antisense gadd45a cells (Figure 1b) .
The above findings were further substantiated using siRNA knockdown of Gadd45a. Gadd45a protein was decreased by siRNA in gadd45a þ / þ MEF cells ( Figure 2a ) and RKO cells (Figure 2c ). Knockdown of gadd45a expression by siRNA likewise resulted in a DNA repair defect in both MEF and RKO cells (Figures 2b and d) .
Slow repair of AP sites in gadd45aÀ/À cells AP sites generated by DNA base damage are removed by AP endonuclease in the BER pathway. The number of remaining AP sites was used as a biomarker of BER defect. An ARP (aldehyde-reactive probe) was used to detect AP sites remaining 1 and 4 h after MMS treatment. In accord with the alkaline electrophoresis data, which also measures apurinic and other alkalilabile sites (Figure 1a) , the ARP probe experiments consistently showed a higher fraction of unrepaired AP sites in gadd45a-null cells (Figure 3a) . The result in human colon RKO-AS45 cells was consistent with gadd45a-null cells (Figure 3b ). RKO-309 cells were used as a positive control of BER deficiency (Figure 3b ).
Localization of PCNA and APE1/Ref1 in nucleus was disrupted in gadd45a-deficient cells PCNA is recruited to sites of DNA damage in association with nuclear substructures. The resultant DNA repair foci exhibit PCNA immunostaining, which is resistant to Triton detergent. PCNA immunostaining showed that PCNA was localized within the nucleus in gadd45a þ / þ MEF cells in response to MMS (Figure 4a ). Image analysis showed a significantly higher fraction of nuclear PCNA in gadd45a þ / þ cells compared to gadd45aÀ/À cells 45 min after treatment of MMS (Po0.01) (Figure 4b ). Interestingly, localization of APE1/Ref1 in the nucleus was distinctly observed in gadd45a þ / þ cells, while predominantly cytoplasmic in gadd45aÀ/À cells ( Figure 5a ). p53-null cells also showed cytoplasmic PCNA and APE1/Ref1 suggesting that the mechanism is p53 regulated (data not shown).
Colocalization and interaction of Gadd45a and APE1/ Ref1 with PCNA In order to give a potential mechanism of gadd45a-mediated BER, we investigated the localization and interaction of APE1/Ref1 and PCNA in gadd45a þ / þ and gadd45aÀ/À MEF cells. Our result showed colocalization of Gadd45a, APE1/Ref1 and PCNA in nucleus of gadd45a þ / þ cells, while colocalization of APE1/Ref1 was abrogated in gadd45aÀ/À cells ( Figure 5b ). This data might indicate protein-protein interactions among Gadd45a, APE1/Ref1 and PCNA. Indeed, APE1/Ref1 is a known DNA repair protein to localize in the nucleus when it is activated against DNA damage (Ramana et al., 1998) . PCNA using immunoprecipitation. Gadd45a interaction with PCNA is well known, hence we extended the current study to potential Gadd45a interactions in the context of BER including APE1/Ref1 and PCNA. As seen in our data, Gadd45a strongly interacted with PCNA in nuclear extracts of gadd45a þ / þ cells ( Figure 5c , lane 1), whereas almost no interaction of Gadd45a and PCNA has been observed in cytosolic extracts of gadd45a þ / þ cells. In addition, APE1/Ref1 interacted with PCNA in the nuclear fractions ( Figure 5c , lane 2), and Gadd45a also interacted with APE1/Ref1 in nuclear fractions (Figure 5c , lane 3). Our data showing colocalization and interactions implied that Gadd45a, APE1/Ref1 and PCNA might interact as one complex for BER processes, though additional functional complexes independent of Gadd45a are not excluded.
Discussion
It is clear that p53 tumor suppressor protein regulates BER from the cumulative studies. As a mechanism of p53 role for BER, most reports have implicated a direct role of p53 protein via protein-protein interactions with BER proteins including DNA polymerase b and AP endonuclease (Gaiddon et al., 1999; Offer et al., 2001; Zhou et al., 2001; Lee and Chung, 2003) . In contrast, p53 controls NER by transcriptional regulation of NER proteins including p48XPE and XPC (Adimoolam and Ford, 2002) . In this study, we describe an alternative pathway of p53-mediated BER involving the p53-regulated protein Gadd45a. Using matched isogenic cell lines, we showed that gadd45a-null cells exhibit a BER defect comparable to our earlier findings in p53-null cells (Seo et al., 2002a) . Thus, Gadd45a could largely contribute to a p53-mediated BER mechanism. Transient Gadd45a knockdown by siRNA likewise resulted in defective BER, indicating that these findings were not due to additional genetic changes in the cell lines (Figure 2) .
Accumulating evidence suggests that Gadd45a may contribute to NER by multiple pathways (Smith et al., 2000; . Gadd45a is known to interact with PCNA, and the PCNA-interaction domain of Gadd45a was shown to enhance NER in response to UV irradiation (Smith et al., 2000; Vairapandi et al., 2000) .
The current data in Figure 4 show that the localization of PCNA was affected by Gadd45a in response to MMS (Figure 4) , a DNA-damaging agent that causes base damage by methylating the N 7 position of guanine residues, a lesion repaired exclusively by BER. However, no significant difference was observed at 90 min after the treatment of MMS (data not shown). These data suggest that PCNA might mediate a role of Gadd45a in BER in addition to NER at an early stage of DNA repair process, though further study will be needed. Indeed, PCNA interacts with several BER proteins including APE1/Ref1, which has been interpreted that PCNA participates in the incision step of BER mediated by AP endonuclease, as well as the resynthesis step mediated by the PCNA-dependent DNA polymerase b ( 
Po0.001 (t-test). The y axis shows relative immunofluorescence units.
A role of Gadd45a in BER HJ Jung et al 5 0 -3 0 flap exo-/endonuclease that plays a role in long patch BER, has been investigated the role in the DNA repair and its interaction with PCNA in yeast mutants. Recent studies have reported FEN-1 to interact with PCNA in nuclei after MMS treatment and promote repair processes (Shibata and Nakamura, 2002) .
On the other hand, our data show that knocking out Gadd45a in human or mouse cells, directly impacts the APE1/Ref1 DNA repair complex by disrupting its nuclear function(s) including BER. As a DNA repair protein, the APE1/Ref1 has been demonstrated to be localized to the nucleus in several studies. Recently, Ramana et al. (1998) also suggested that BER activity was enhanced when APE1/Ref1 migrated to the nucleus in ROS-treated cells. The accumulated evidence is consistent with our data suggesting that repair proteins including Gadd45a, APE1/Ref1 and PCNA might interact in the nucleus as one complex for DNA repair processes ( Figure 5) . However, Figure 5c shows some remaining PCNA-APE1 complex in Gadd45À/À cells, though the level of PCNA-APE1 complex in nucleus is markedly lower in Gadd45À/À than in Gadd45 þ / þ cells. The data suggest a possible PCNA-APE1 complex independent of Gadd45a, although the PCNA-APE1 complex in the nucleus is critical for Gadd45a-mediated nuclear BER (or BER defect in Gadd45a-deficient system). The current study addressed only nuclear BER and not mitochondrial BER, outside the scope of the current study.
APE1/Ref1 has been found to be localized aberrantly in the cytoplasm in some human cancers including prostate. The loss of nuclear APE1/Ref1 and its appearance in the cytoplasm was associated with neoplastic progression in prostate cancer (Kelley et al., 2001) . Given that gadd45a-knockout mice are cancerprone (Hollander et al., 2001) , it is possible that unrepaired base damage by APE1/Ref1 contributes to carcinogenesis in these mice. Importantly, cytoplasmic APE1/Ref1 was observed after transient siRNA knockdown of Gadd45a, indicating that cytoplasmic APE1/ Ref1 is a direct result of Gadd45a loss and not just a general biomarker of carcinogenesis. Conversely, in the presence of Gadd45a, nuclear APE1/Ref1 was maintained implying a role for Gadd45a in prevention of Figure 5 Colocalization and interaction of Gadd45a and APE1/Ref1 with proliferating cell nuclear antigen (PCNA) in nuclear extracts. (a) Immunostaining of apurinic/apyrimidinic endonuclease 1/redox factor 1 (APE1/Ref1) in fixed MEF monolayers, of gadd45a-null or wild-type genotypes. APE1/Ref1 was located in the major portion of nucleus in wild-type cells, but was largely cytoplasmic in gadd45aÀ/À cells. (b) APE1/Ref1, PCNA and Gadd45a was colocalized in the nuclear extract of gadd45a þ / þ cells (red box) using cytosol and nuclear extraction. The nuclear localization of APE1/Ref1 was consistent with the immunostaining data in Figure 5a . Immunoblotting of APE1/Ref1 and hsp70 was simultaneously performed in the same western blot solution. Hsp70 was used as a marker for a cytosolic protein. (c) Co-immunoprecipitation of Gadd45a and APE1/Ref1 in nucleus extract and cytosol harvested from gadd45a þ / þ MEF cells using anti-PCNA Abs. Anti-PCNA was used as the primary antibody for immunoprecipitation. An anti-Gadd45a or anti-APE1/Ref1 primary Ab was used to perform western blot analysis. A secondary Ab coupled to a near-infrared dye was used to reveal the Gadd45a or APE1/Ref1 band. In nucleus, Gadd45a and APE1/Ref1 interact with PCNA in contrast with cytosol. In addition, gadd45a þ / þ MEF cells exhibited significant interaction of Gadd45a and APE1/Ref1 in nuclear extracts.
cumulative base damage and carcinogenesis. In the Hollander et al. (2001) study, spontaneous mutation frequency was elevated possibly due to endogenous base damage Besides its AP endonuclease function, APE1/Ref1 also mediates the cysteine reduction of a number of transcription factors including c-jun and p53 (Hanson et al., 2005) . Reduction of key cysteine residues is required for such transcription factors. The current data also suggest a novel feedback mechanism whereby Gadd45a could affect p53. By knocking down Gadd45a, cytoplasmic localization of APE1/Ref1 would be unavailable for p53 cysteine reduction ( Figure 5 ). In the presence of Gadd45a, APE1/Ref1 is available for p53 cysteine reduction.
In conclusion, we suggest a novel mechanism of gadd45a in BER by the modulation of the localization or protein-protein interaction of APE1/Ref1 with PCNA ( Figure 6 ). Gadd45a might be a key downstream effector of the p53 pathway involved in protection from carcinogenic base damage. Nevertheless, our results do not mean to exclude the possibility that Gadd45a-modulated BER might be also affected by p53-independent pathway. Moreover, another tumor suppressor BRCA1 which is known to regulate Gadd45a has been recently suggested to enhance NER on p53-independent pathway (Hartman and Ford, 2002) . Thus, future studies will determine if Gadd45a participation in BER requires p53.
Materials and methods
Cell culture and treatment
We used MEF cells of gadd45a þ / þ and gadd45aÀ/À genotypes from previous published studies (Smith et al., 2000) . MEF were of low passage (2-5 passages) and were maintained under liquid nitrogen. We also used two human colon cell lines (1) RKO and (2) RKO-AS45 (RKO cells that were stably transfected with vector containing gadd45a cDNA in the antisense orientation). RKO and RKO-AS45 cells were grown and maintained as described previously (Bae et al., 1996) . In addition, we used RKO-309 cell lines expressing functionally defective APE1/Ref1 protein. Cells were treated with 200 mM MMS (Sigma, MO, USA) for 30 min.
Alkaline electrophoretic comet assay (conducted as in Seo et al., 2002a) Treated cells were directly embedded in 0.5% agarose (Sigma) on a comet slide (Trevigen, Inc., Gaithersburg, MD, USA). The cells were lysed with cold lysing solution (2.5 M NaCl, 1% Triton X-100, 100 mM Tris base) for at least 30 min, and then were exposed to alkaline solution (300 mM NaOH, 10 mM ethylenediaminetetraacetic acid, pH 13.0) for 20 min in order to allow for DNA unwinding. Subsequently, electrophoresis was performed at 12 V (250 mA) for 30 min. Two hundred comets on each slide are classified into five types according to the criteria in terms of the relative intensity of fluorescence in the tail, described previously (Seo et al., 2002a) . We used an image analysis system.
Detection of AP sites
ARP reagent (N 0 -aminooxymethylcarbonylhydrazino-D-biotin) (Dojindo Molecular Technologies, Inc., Gaithersburg, MD, USA) reacts specifically with an aldehyde group, which is the open ring form of the AP sites. DNA modifications are detected by this reaction causing the formation of an aldehyde group. The solution including 60 ml of the diluted ARP-labeled genomic DNA solution and 100 ml of the DNA-binding solution were added to each well, and were allowed to remain at room temperature overnight. After removing the solution, 150 ml-diluted horseradish peroxidase (HRP)-avidin solution was added to each well, and incubated at 371C for 1 h. Subsequently, the plates were incubated at 371C for 1 h after adding 100 ml of substrate solution to each well. Finally, we measured the absorbance at 650 nm within 1 h after the incubation. Figure 6 Suggested model for a role of the Gadd45a and apurinic/apyrimidinic endonuclease 1/redox factor 1 (APE1/Ref1) in the base excision repair (BER) response. Several reports have shown a role for p53 protein by directly interacting with DNA polymerase b in BER (Zhou et al., 2001; Offer et al., 2001; Seo et al., 2002a; Seo and Jung, 2004) . In this study, we suggest an alternative pathway that gadd45a as one of p53 downstream genes might also play a role in the enhancement of BER by modulation of localization of APE1/Ref1, which is known to involve BER as well as to activate p53. Gadd45a has been implicated in the enhancement of BER by the interaction with proliferating cell nuclear antigen (PCNA) (Smith et al., 2000) , which is recently reported to interact with APE1/Ref1 (Xia et al., 2005) . Future studies will ascertain if Gadd45a can function independent of p53.
PCNA and APE1/Ref1 immunostaining For PCNA staining, slides were incubated in the presence of 0.5% Triton X-100 and methanol fixed after the indicated time of treatment. PCNA has long been known to bind tightly to damaged sites of genomic DNA after UV irradiation (Aboussekhra and Wood, 1995) . PCNA that is associated with repair complexes is resistant to extraction with Triton X-100 detergent. For APE1/Ref1 staining, cells were fixed with cold methanol and acetone. APE1/Ref1 and PCNA were detected with antibody Ab82 (NeoMarkers, Fremont, CA, USA) and antibody PC10 (Santa Cruz Biotech, Santa Cruz, CA, USA), respectively, followed by fluorescence-conjugated goat anti-mouse immunoglobulin G (Sigma).
Immunoblotting and immunoprecipitation
All immunoblots were conducted as in Smith et al. (1995) . Antibodies were as follows: APE1/Ref1 (ab82, NeoMarkers); hsp70 (W27, Oncogene Research Products); PCNA (PC10, Santa Cruz Biotech); Gadd45a (Ab H165, Santa Cruz); glyceraldehyde-3-phosphate dehydrogenase (Labfrontier, Seoul, South Korea). Detection was with horseradish peroxidase-conjugated secondary antibodies (Sigma) and enhanced chemiluminescence (Pierce, Rockford, IL, USA).
Cell harvests were homogenized with 300 ml of a 0.25 M sucrose solution containing 1 mM EDTA, 3 mM Tris-HCl (pH 7.2) and protease inhibitor cocktail (Roche, Germany). The homogenate was centrifuged at 500 g for 10 min to obtain a crude nuclear fraction. The crude nuclear fraction was sonicated for 30 s and centrifuged at 200 000 g for 30 min.
Each fraction was equalized to 40 mg with IP buffer containing 0.1% Trition X-100, 20 mM Tris-HCl (pH 7.5), 5 mM EDTA, 0.1 M NaCl and 0.2 mM phenylmethylsulfonylfluoride. The samples were incubated with 0.5 mg mouse anti-PCNA Ab and anti-Gadd45a Ab for 1 h and then with 25 ml protein A/G agarose (Santa Cruz) overnight. After a series of washes, the immunoprecipitated samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12% (w/v) polyacrylamide).
Transfection of Gadd45a siRNA siRNA duplexes targeting Gadd45a was designed and synthesized by Ambion Inc. (Austin, TX, USA). Transfection of RKO and MEF cells was accomplished using Oligofectamine Reagent (Invitrogen GmbH, Karlsruhe, Germany) according to the manufacturer's instructions with single-strand sense and antisense RNA oligonucleotides (human Gadd45a sense RNA: 5 0 -AGUCGCUACAUGGAUCAAUtt-3 0 ; human Gadd45a antisense RNA: 5 0 -AUUGAUCCAUGUAGCGA CUtt-3 0 ; mouse Gadd45a sense RNA: 5 0 -GGAUCCUGCCU UAAGUCAAtt-3 0 ; mouse Gadd45a antisense RNA: 5 0 -UU GACUUAAGGCAGGAUCCtt-3 0 ). For each well, 10 ml of 20 mM of siGadd45a were diluted with 175 ml of Opti-MEM (Invitrogen). Then, 3 ml of Oligofectamine (Invitrogen) were diluted and incubated for 10 min in 15 ml of Opti-MEM. Two solutions were combined at room temperature for 15 min. After 4 and 12 h transfection time in MEF cells and RKO cells, respectively, Dulbecco's modified Eagle's medium and RPMI 1640 containing 10% fetal bovine serum was added. Cells were harvested after 12 h for western blot analysis.
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